We report a successful synthesis of a molecularly imprinted polymer (MIP) by surface imprinting technique. The polymer was then used for selective adsorption of indole from fuel oil. Nitrogen adsorption, Fourier transform-infrared spectrometry and scanning electron microscopy were used to characterize the morphology of indole-MIP. The study results show that indole-MIP has a large specific surface area and enhanced porosity. Static adsorption data indicate that the adsorption capacity of indole-MIP is 54.6639 mg g -1 , with the adsorption equilibrium achieved in 40 minutes. The indole-MIP molecule has a high adsorption and elution rate due to the presence of hydrogen bond between the functional monomer (4-vinylpyridine) and the template molecule (indole). According to the results of thermodynamic analysis, the adsorption process is spontaneous. In addition, based on the results of kinetics and isotherm analysis, adsorption performances obey pseudo-second-order model and Langmuir equation. The selectivity of indole-MIP is favourable and can be reused even after 10 cycles.
INTRODUCTION
Fuel oil is the primary source of energy in the world, and contains different kinds of nitrogen compounds. Indole and its derivatives are harmful, non-basic nitrogen aromatic organic compounds present in fuel oil (Mushrush et al. 1999) . Oxides of nitrogen (NO X ) generated during the combustion of fuel oil have become one of the major primary sources of pollution. These substances react with hydrocarbons to form acid rain, mist and photochemical smoke. Therefore, the environment is polluted and subsequently the ecological balance is broken when the products in fuel oil undergo combustion (Gómez-García et al. 2005 ). In addition, NO X is harmful to human health, causing respiratory damage. Humans suffer from respiratory disorders when they are exposed to air containing 9.4 mg m -3 (5 ppm) of NO for 10 minutes. Furthermore, NO, which has an irritating smell, is also poisonous to humans (Murray et al. 1994) . Therefore, advanced denitrification of fuel oil is very important to protect both the environment and human health. As a result, removing indole from petroleum has become an urgent task.
At present, the major denitrification technology used in refining industries is hydrodenitrogenation (HDN) (Escalona et al. 2007) , which was found to be effective to remove hydrocarbons. Although the maximum HDN rate is approximately 76%, the olefin saturation ratio is increased, causing a decrease in the stability of fuel oil during processing. However, the minimum HDN rate is only 21.7%. Meanwhile, strict operation conditions and huge investment in equipment increase the cost of treating fuel oil. Although biological denitrification (Passen et al. 2010) can effectively remove nitrogen heterocyclic compounds, the process has little effect on the removal of aromatic hydrocarbon and aliphatic hydrocarbon. Compared with conventional denitrification methods, microwave denitrification (Wei et al. 2009 ), which is a superior yet simple process, with advantages of short reaction time and high efficiency can be used widely; however, the method is still at the experimental research stage. Many other techniques are applied to remove nitrogen compounds, such as ion-exchange resin (Oliveira et al. 2004 ). Among these techniques, adsorptive separation Zhang et al. 2012) has received increased attention, because of its low cost, easy synthesis of the adsorbents, favourable regeneration, good thermal stability and no virulence. The selective adsorption of indole from fuel oil not only can decrease the cost of treating fuel oil, but can also maintain the quality and stability of fuel oil. To selectively adsorb the target molecules, the molecular imprinting technique (MIT) is introduced in the synthesis of adsorbents.
The MIT is a method based on the synthesis of molecularly imprinted polymer (MIP), which exactly matches with template molecule in space structure and binding sites (Deng et al. 2012) . MIPs have the following advantages and are thus widely used in chromatography, chemical sensors, pharmaceutical and solid-phase extraction (Bures et al. 2001; : good stability, ease of preparation, low cost and reusability. However, traditional MIP has many drawbacks, such as slow mass transfer, incomplete template removal and weak binding capacity (Andersson 2000) . In order to overcome these disadvantages, many methods have been adopted, such as suspension and precipitation polymerization (Sai et al. 2010) , multi-step swelling polymerization (Chatterjee et al. 2012 ) and surface imprinting (Gao et al. 2007; Chu et al. 2012 ). Among them, surface imprinting is one of the most primary and feasible techniques. A surface-imprinting polymer with binding sites possess many advantages such as high selectivity, fast mass transfer, more accessible sites and better binding kinetics . The surface-imprinted materials have been explored by coating a very thin polymer film onto a support, such as a silica gel-based material and carbon nanotubes Zhang et al. 2010) . With the characteristics of large surface area, good chemical, mechanical and thermal stabilities, silica gel-based material is considered to be a promising candidate for surface-imprinting materials (Guo et al. 2009 ).
To the best of our knowledge, MIP, especially surface MIP, has not been reported for selective adsorption of indole from fuel oil. In this study, a novel method for the preparation of indole-MIP by surface-imprinting technique is explored, and silica gel modified by γ-methacryloxypropyltrimethoxysilane (MPS) is chosen as the support material. The indole-MIP molecule is obtained with indole as template, 4-vinyl pyridine (4-VP) as functional monomer, ethylene glycol dimethacrylate (EGDMA) as cross-linking agent and azoisobutyronitrile (AIBN) as initiator. The adsorption capacity is determined by pseudo-first-order and pseudo-second-order kinetic equation. The adsorption isotherms are modelled using Langmuir and Freundlich equations. The selective adsorption and reusability of indole-MIP are also analyzed in this work.
EXPERIMENTAL SETUP

Chemicals
Silica gel is purchased from ALADDIN Reagent Co., Ltd. (Shanghai, China). Indole, 3-metlylindole, quinoline, benzothiophene (BT), 4-VP, n-octane and EGDMA are purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Chloroform, toluene and acetone are purchased from Nanjing Union Silicon Chemical (Nanjing, China). MPS, AIBN, tetradecane, methanol (MeOH), ethanol and acetic acid (AcOH) are supplied by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All of the aforementioned chemicals are of analytical grade and used without further purification.
Equipment and Methods
FlowSorb II 2300 (Micromeritics Instrument Corporation, Norcross, GA) was used in nitrogen adsorption experiments to measure the specific surface area, pore size and pore volume; Nicolet Nexus 470 Fourier transform-infrared spectrometer (Thermoelectric) was used to measure infrared spectrum of polymers between 4000 and 500 cm -1 ; S-4800 field emission scanning electron microscope (Hitachi, Japan) was used to observe the surface morphology; Agilent 7890A gas chromatography with a flame ionization detector (GC-FID) using an SE-54 capillary column (15 mm × 0.32 mm i.d. × 1.0 µm film thickness; Varian Instruments) was used to detect the concentration of indole in a simulation oil solution.
Preparation of indole-MIP
A two-step procedure is adopted to prepare indole-MIP. First, the silica gel is activated to eliminate any surface contaminants and increase the hydroxyl content. The silica gel is pretreated by dipping it in 10% HCl solution for 24 hours, which is then filtered and repeatedly rinsed by distilled water until the solution becomes neutral. It is then dried in vacuum at 90 °C. To introduce polymerizable double bonds, activated silica gel is modified with MPS in a sealed flask with toluene as the solvent. The operation is carried out under a constant temperature of 114 °C with continuous stirring for 24 hours. The resulting modified silica gel (MPS-silica gel) is separated, washed with toluene, acetone and ethanol in sequence and then dried under vacuum at 60 °C.
In the second step, 1.0 g of modified silica gel, 0.047 g of indole and 0.18 ml of 4-VP are dissolved in 40 ml of chloroform. The mixed solution is stirred for pre-polymerization at room temperature for 6 hours. Approximately 1.6 ml of EGDMA and 0.030 g of AIBN are then added to this mixture. Under nitrogen environment, the mixture is treated by an ultrasonic process for 15 minutes, and then stirred in a constant temperature shaker (rate: 250 rpm at 65 °C for 24 hours) to polymerize the mixture. After the removal of indole template by adding a mixture of methanol/acetic acid solvent (9:1, vol/vol) for 72 hours, the indole-MIP molecule on the silica gel surface is obtained. The product is dried under vacuum at 60 °C. For comparison, the nonimprinted polymer (NIP) is also prepared as a blank in parallel but without the addition of indole. The schematic illustration of the indole-MIP synthesis is presented in Figure 1 .
Nitrogen Adsorption Analysis
The specific area (m 2 g -1 ), pore volume (cm 3 g -1 ) and pore diameter (Å) of indole-MIP and NIP are measured according to the BET equation and Barrett-Joyer-Halendal model with single-point analysis (Panada et al. 2012) . The specific area, total pore volume and average pore diameter for indole-MIP and NIP are listed in Table 1 . These parameters of indole-MIP are different from those of NIP and the different adsorption properties of indole-MIP and NIP are attributed to the morphological differences and imprinting effect. From Table 1 , it can be seen that the pore diameter of indole-MIP is lower but the specific area and the pore volume are higher than those of NIP. Compared with NIP, indole-MIP has more pores. This phenomenon strongly indicates the effect of imprinting on polymerization. Therefore, the indole-MIP synthesized has benefited from the conduction of interaction and has more accessibility to the adsorbate.
Infrared Spectrum Analysis
In Figure 2 , spectral lines a, b, c and d are IR spectra of activated silica gel, MPS-silica gel, indole-MIP and NIP, respectively. From spectral line a, it can be seen that the adsorption peak of H-O characteristic vibration is generated at approximately 3448 cm _1 , and it proves that silica gel is Yang Cao et al./Adsorption Science & Technology Vol. 31 No. 6 activated and the hydroxyl group is successfully introduced on its surface. In addition, the band at approximately 2978 cm _1 is assigned to the stretching vibration of -CH 2 -or -CH 3 -and the C = O stretching vibration absorption peak appears at approximately 1724 cm -1 in spectral line b. It shows that MPS is successfully grafted, and a double bond is introduced on the activated silica gel surface. In spectral line c, the C = N deformation vibration peak is found at approximately 1640 cm -1 , indicating that 4-VP is successfully connected. The adsorption peak at 1455 cm -1 is generated by -CH 2 -CH 2 -characteristic vibration . Overall, the absorption peaks of indole-MIP are similar to those of NIP, meaning that no template molecule is retained on the indole-MIP surface.
Scanning Electron Microscopic Analysis
From Figures 3(a and b) , it can be seen that the shape of the indole-MIP molecule is nonuniform and its surface is rough. This can be due to the polymerization of functional monomer and cross-linker on the silica gel surface in the presence of an initiator, with both the matrix and coating being irregular. Compared with NIP [ Figure 3 (c)], the surface of indole-MIP [ Figure  3 (b)] is rough. Furthermore, indole-MIP has dozens of pores and larger surface area. This phenomenon is attributed to the effect of imprinting, that is, the removal of template molecule.
Batch-Mode Adsorption Studies
Some kinds of adsorption experiments, such as the adsorption kinetics, the binding isotherms, adsorption thermodynamics, the selective adsorption and elution recoverability are performed to evaluate the properties of indole-MIP . A simulation oil solution containing gradient concentrations of indole (approximately 100-800 mg l -1 ) is used as the adsorption solution.
Adsorption Kinetics
The adsorption kinetics of indole on indole-MIP are studied in a simulation oil solution (initial concentration: 500 mg l -1 ) at pre-set temperatures (298, 308 and 318 K). Approximately 10 mg indole-MIP and 6 ml of a simulation oil solution are added into centrifuge tubes, and the mixture is then shaken for different intervals in a thermostatic shaker. The remaining concentration of indole in a simulation oil solution at different intervals is determined by GC-FID and an internal standard method is adopted for measurement. The adsorption capacity is obtained according to equation (1).
where q t (mg g -1 ) is the adsorption capacity; C 0 (mg l -1 ) is the initial concentration and C t (mg L -1 ) is the remaining concentration of indole at time t (minutes); V (l) and m (g) are the volume of the simulation oil solution and the mass of indole-MIP, respectively. To examine the adsorption mechanism of indole-MIP, such as chemical interaction and mass transfer, the pseudo-first-order and pseudo-second-order kinetic models are used to fit the experimental data (Ho and McKay 1999; Jarullah et al. 2012) . The two kinetic models and value of standard deviation are calculated using equations (2-4).
(2)
(3) (4) where q e and q t (mg g -1 ) are the adsorption capacities of indole-MIP at the equilibrium point and at time t (minutes), respectively; values of k 1 (minute -1 ) and k 2 (g mg -1 minute -1 ), respectively, are the adsorption rate constants of pseudo-first-order and pseudo-second-order kinetic models, and can be calculated from the plot of ln(q e -q t ) versus t and t/q t versus t; value of standard deviation is represented by ∆q(%); q e,exp and q e,cal are experimental and calculated values of adsorbed indole, respectively; N is the number of data points in the experiment.
The adsorption rate constants and linear regression values are summarized in Table 2 . The pseudo-first-order and pseudo-second-order kinetic models are used to further analyze kinetic experimental data shown in Figure 4 .
Adsorption Isotherms
Adsorption isotherm models are frequently used to investigate the interaction mechanism between an adsorbate and an adsorbent at different temperatures. Approximately 10 mg of indole-MIP and where q e (mg g -1 ) is the equilibrium adsorption capacity; C e (mg l -1 ) is the equilibrium concentration of indole.
The equilibrium data of indole-MIP are fitted to the Langmuir and Freundlich isotherm models. The correlation coefficient (R 2 ) is used to study the applicability of the isotherm models to the Synthesis of a Molecularly Imprinted Polymer on Silica-Gel Surfaces 495 adsorption behaviours. The adsorption isotherm constants of indole-MIP are listed in Table 3 . Furthermore, non-linear regression is used to compare the Langmuir isotherm model with the Freundlich isotherm model for adsorption of indole onto indole-MIP, and the results are shown in Figure 5 . The Langmuir isotherm model is used to describe monolayer adsorption on the adsorbent surface containing limited identified sites. The linear form is expressed by following equation (6) and the Freundlich isotherm model is given as shown in equation (7). An empirical equation is used to describe the adsorption process (Carvalho et al. 2012) . 
where q e (mg g -1 ) is the equilibrium adsorption capacity; C e is the equilibrium concentration of indole (mg l -1 ); q m (mg g -1 ) is the maximum adsorption capacity of indole-MIP; K L and K F are the Langmuir and Freundlich constants, respectively, and represent the affinity constant. The constant 1/n indicates the intensity of the adsorption (Ofomaja 2010).
Selectivity and Competitive Adsorption Properties
Indole and its analogues such as 3-metlylindole, quinoline and BT are chosen to explore the selective adsorption capacities of indole-MIP and NIP. The selectivity and competitive adsorption experiments of indole-MIP and NIP towards indole and its analogues are carried out in a mixed solution with an initial concentration of 500 mg l -1 of the aforementioned substances. The adsorption process is conducted in the same way as the isotherms experiment at a pre-set temperature (298 K). The results of this experiment are shown in Figure 6 .
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Indole The distribution coefficients of indole, 3-metlylindole, quinoline and BT are calculated by equation (8).
where K d (ml g -1 ) is distribution coefficient; q e and C s (mg ml -1 ) are the equilibrium adsorption capacity and concentration, respectively. The selectivity coefficient of indole-MIP for indole towards its competitors (marked as B) can be calculated according to equation (9).
where k is the selectivity coefficient; B represents 3-metlylindole, quinoline and BT.
The relative selectivity coefficient k′ can be calculated using equation (10) as follows:
where k′ is relative selectivity coefficient.
RESULTS AND DISCUSSION
Analysis of Adsorption Kinetics
From Table 2 , it can be inferred that the pseudo-second-order kinetic model provides a better correlation for the adsorption of indole onto indole-MIP, because the experimental values properly fit with calculated values of q e (R 2 = 0.997). Therefore, the pseudo-second-order kinetic model can explain the adsorption process. In addition, it is assumed that indole molecules are strongly held onto the binding sites of indole-MIP by a hydrogen bond between 4-VP and indole. A comparison of the values of standard deviation [∆q(%)] shows that the adsorption behaviour of indole-MIP towards indole is in line with the pseudo-second-order model. The fast rate of adsorption in the first 30 minutes is shown in Figure 4 , with the equilibrium point being reached in 40 minutes even at different temperatures. Therefore, it is clear that indole-MIP has an increased number of specific pores and high binding affinity for indole. The high affinity is not only due to the hydrogen bond effect and conjugative effect but also due to the large specific area and more binding sites provided by indole-MIP. Within the first 30 minutes, a switch exists between the mass transfer diffusion control and the pore diffusion control, and a change in adsorption mechanism for indole-MIP occurs after 30 minutes (Singh and Mishra 2010) . Table 3 shows that the values of the correlation coefficients for indole-MIP (R 2 = 0.9977) calculated by Langmuir isothermal equation are higher than those of Freundlich isothermal equation (R 2 = 0.9903) at a low temperature. It is proved that the Langmuir model is obeyed in the adsorption process of indole-MIP. The adsorption of indole-MIP towards indole is monolayer adsorption and there are limited identified sites on the surface of indole-MIP. However, the Freundlich isothermal equation is more favourable to the experimental data at high temperatures. Therefore, not only the chemical adsorption but also the physical adsorption is included in the adsorption process of indole-MIP towards indole. The results show that the value of n is greater than unity, and it indicates that indole is favourably adsorbed onto indole-MIP.
Analysis of Adsorption Isotherm
From Figure 5 , it can be seen that the binding capacity of indole-MIP decreases with increasing temperature, but the response to concentration changes is different from that to varying temperatures. The binding capacity of indole-MIP increases with increasing initial concentration (from 100 to 800 mg l -1 ) of indole. This phenomenon is attributed to the weak binding capacity of hydrogen bond in high temperatures, and the physical adsorption is primary. Therefore, an appropriate reduction in temperature can enhance the adsorption capacity.
3.3.Analysis of Adsorption Thermodynamics
The thermodynamic characteristics of the adsorption process can be reflected by the following parameters: the standard enthalpy change (∆H°), the standard free energy change (∆G°) and the standard entropy change (∆S°) Nishikawa et al. 2012) , which are calculated using equations (11) and (12).
where K c (ml g -1 ) is a distribution constant and can be calculated by plotting ln(q e /C e ) versus q e and extrapolating q e to zero; the value of K c is obtained by the intercept of the straight line; T is the absolute temperature (K); R is the gas constant (8.3145 J mol -1 K -1 ). The obtained thermodynamic parameters for indole-MIP in the adsorption process are listed in Table 4 . A negative ∆G°value indicates that the adsorption of indole onto indole-MIP is spontaneous within the evaluated temperature range. A negative value of ∆H°further confirms that the adsorption process is exothermic. Therefore, decreasing the temperature can favour the adsorption of indole onto indole-MIP. The more the indole molecules are adsorbed onto the indole-MIP surface, the more solvent molecules surround indole molecules. Therefore, the degree of freedom to indole molecules is decreased (Pan et al. 2010) . A negative value of ∆S°suggests that there is a low-binding randomness at the solid-solution interface (Mellah et al. 2006) . 
Analysis of Selectivity and Competitive Adsorption
From Figure 6 , it can be seen that the adsorption capacity of indole-MIP towards indole is obviously higher than NIP. In addition, compared with other analogues, the indole-MIP molecule exhibits a higher adsorption for indole. In other words, the indole-MIP molecule has a better selective adsorption for indole. It is shown that the adsorption of NIP towards the aforementioned substances has the same trend as indole-MIP, but the adsorption for indole and its analogues did not show a noticeable difference. Compared with hydrogen bonding, the interaction between sulphur compound and the polymer is weak and has non-specific affinity. Therefore, the least adsorption performance of both indole-MIP and NIP towards BT is shown. The parameters in Table 5 , namely, distribution coefficient (K d ), selectivity coefficient (k) and relative selectivity coefficient (k′) provide a good explanation for the selective adsorption performance. The K d and k values of indole-MIP are significantly larger than those of NIP, and it is sufficiently proved that imprinted sites are obtained on the surface of indole-MIP. For NIP, the adsorption process has no selectivity. However, the better adsorption performance of NIP towards indole compared with other analogues is shown. It can be explained that indole is easily adsorbed with a smaller steric hindrance and it has a specific combination with functional monomer 4-VP. Both physical and chemical adsorption of indole occurred on indole-MIP, and the k′ value for indole is obviously larger than the k′ value for 3-metlylindole, quinoline and BT. All these further clarify that indole-MIP has better adsorption selectivity for indole than 3-metlylindole, quinoline and BT. This result is attributed to the imprinting effect. Indole-MIP has an increased number of specific pores for the recognition of indole in spatial structure and functional groups, and therefore, it shows the specific molecular recognition ability and high binding affinity for indole. For the same reason, 3-metlylindole, which has a similar functional group and spatial structure to indole, is adsorbed more easily than quinoline and BT. The aforementioned results clearly reveal that indole-MIP has a distinctly high recognition and rebinding affinity for indole.
Reusability of Indole-MIP
The reusability is an important characteristic of the adsorbent. The regeneration capacity of indole-MIP for ten cycles is shown in Figure 7 (a). The adsorption efficiency in each repeated experiment is expressed as the percentage relative to that in the first adsorption . There is no denying that a negative effect is generated in the removing target process, which results in a slight decrease in adsorption capacity. During the elution process, the small number of specific binding sites is destroyed. From Figure 7 (a) it can be seen that the adsorption efficiency drops from the first to the fifth cycle, and approximately 86% of the initial adsorption capacity is maintained in the tenth cycle. The result indicates that indole-MIP has favourable recoverability. The selective adsorption of indole-MIP towards indole and other analogues in the tenth cycle is also detected. The high affinity for adsorption of indole than 3-metlylindole, quinoline and BT is shown in Figure 7 (b) and the calculated selectivity coefficients (k) are 2. 998, 9.964 and 12.980, respectively. Compared with Table 5 , no significant decrease is shown. This suggests that the excellent selectivity of indole-MIP is maintained and the selective adsorption capacity of indole drops by only 9% after ten cycles.
CONCLUSIONS
We designed a novel adsorbent (indole-MIP) by surface MIT using modified silica gel as the support matrix. The synthesized indole-MIP has the prosperity of selective recognition and adsorption of indole from fuel oil. The structure and shape of indole-MIP are characterized by a series of measures. The results show that indole-MIP provides large specific area and favourable pore features for adsorption. The adsorption behaviour experiments show that the adsorption equilibrium of indole-MIP for indole is achieved in 40 minutes and the equilibrium adsorption amount is 54.6639 mg g -1 . The adsorption process obeys pseudo-second-order model by kinetics analysis, and the Langmuir model is suitable for adsorption of indole onto indole-MIP for isotherm analysis. The adsorption process is spontaneous by thermodynamic analysis, and an appropriate decrease in temperature can enhance the adsorption capacity. The tests for adsorption properties show that selective adsorption performance of indole-MIP is favourable, and it can be reused without a significant decrease in adsorption capacity and selectivity. Overall, the preparation method we adopted in this study is available and effective, and the adsorption performance of indole-MIP is remarkable. With these advantages, the MIP prepared by surface imprinting technique can be used to remove nitrogen compounds.
